Abstract. Basic helix-loop-helix family member e41 (BHLHE41) serves an important role in regulating cell differentiation, circadian rhythms and the response to hypoxia. However, the roles of BHLHE41 in clear cell renal cell carcinoma (ccRCC) remain unclear. The aim of the present study was to analyze the expression of BHLHE41 in ccRCC and investigate the effect of downregulated BHLHE41 on the growth and migration of ccRCC cells. The expression of BHLHE41 in ccRCC was demonstrated to be significantly increased in gene expression microarray datasets and RNA sequencing data. Reverse transcription-quantitative polymerase chain reaction and western blot analysis demonstrated that BHLHE41 expression in fresh ccRCC tissues was increased, compared with than their adjacent non-tumorous controls. BHLHE41 knockdown significantly reduced cell proliferation and migration of A498 and CAKI-1 cells. For the investigation of the molecules mediated by BHLHE41, immunoblotting analyses revealed that phosphorylation of p70S6K and protein levels of E-cadherin were reduced. Additionally, a lower frequency methylation was determined in the BHLHE41 3'-untranslated region through The Cancer Genome Atlas dataset analysis for the first time. These observations demonstrated that BHLHE41 could be a biomarker and an oncogene for ccRCC.
Introduction
Renal cell carcinoma (RCC) is one of the most common urologic cancer types. Its incidence rate is 2-3% of adult malignant tumor cases (1) . Clear cell RCC (ccRCC) is the main subtype of RCC, and ~30% of patients with ccRCC have distal metastasis at the time of diagnosis (2, 3) . Additionally, 20-40% of patients will suffer from local recurrence or distant metastasis following resection (2, 3) . Therefore, investigating the molecular mechanism is important for this deadly disease. Identifying novel genes as diagnostic and therapeutic targets is beneficial for the diagnosis of the disease and provides more options for treatment.
Basic helix-loop-helix family member e41 (BHLHE41) is a member of the BHLH family proteins that are involved in differentiation, circadian rhythms and the response to hypoxia (4) (5) (6) . Previous studies demonstrated that BHLHE41 serves a different role in tumors. BHLHE41 inhibits tumor proliferation and metastasis in pancreatic (7) and gastric cancer (8) . However, BHLHE41 is associated with hypoxia inducible factor-1 (HIF-1) activation and promotes tumor invasion in osteosarcoma (9) . BHLHE41 expression antagonizes paclitaxel-induced cell apoptosis in human prostate cancer cells (10) .
The roles of BHLHE41 in ccRCC cell proliferation and migration have rarely been reported. In the present study, the expression of BHLHE41 in ccRCC tissues, the tumor-promoting effects of BHLHE41 in ccRCC cell lines A498 and CAKI-1, and the DNA methylation level of the gene were examined. years with the mean age of 55.5 years. All patients provided written informed consent. These patients were staged according to the Tumor-Node-Metastasis classification system of malignant tumors (7th) (11) . Table I (19) . The transcriptome profiling data files for analysis were normalized and transferred into a txt file using a Perl script. Subsequently, the package edgeR of Bioconductor was used in RStudio (version 3.5.0; https://www.rstudio.com/) to screen out the differentially-expressed genes (DEGs) with a fold change >2, P< 0.01 and a false discovery rate value <0.01, which were considered statistically significant (20) . Relative gene expression of BHLHE41 was reflected by the intensity of the probe signal and plotted using GraphPad Prism 6 software (GraphPad Software, Inc., La Jolla, CA, USA). Kaplan-Meier survival curves were generated by Oncolnc (http://www.oncolnc.org/) for patients with ccRCC entered in TCGA database. Lentivirus production. BHLHE41 short hairpin RNA (shRNA; pLKO.1-BHLHE41-shRNA, TRCN0000016946) and non-targeting control SHCOO2 (shRNA-NC) vector were purchased from Sigma-Aldrich (Merck KGaA). For virus packaging, 3 µg non-targeting sequence control or BHLHE41 shRNA constructs were co-transfected with 1 µg pMD2.G and 2 µg psPax2 into 293T cells using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). A498 and CAKI-1 cells were infected with virus media. The media was changed after 48 h and RPMI-1640 medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin containing 1 µg/ml puromycin was added at 37˚C for 10 days. Subsequently, the stably transfected cells were obtained. Inhibition efficiency of gene expression detected by RT-qPCR (data not shown) and verified with a western blot assay as previously described.
Overexpression of BHLHE41, correlated with

TCGA methylation analysis.
WST-1 for cell proliferation assay. Selected transgenic A498
and CAKI-1 cell proliferation was measured using a WST-1 assay kit (Roche Diagnostics GmbH, Mannheim, Germany). At 24, 48, 72 and 96 h after cell plating at 37˚C, 10% WST-1 solution was added to adherent cells, and then incubated at 37˚C for 45 min. The coloration of the solution was measured at 450 nm using a microplate reader.
BrdU staining. Selected transgenic A498 and CAKI-1 cells were seeded in a 24-well plate at 5x10 3 cells/cm 2 , and then cultured with RPMI-1640 medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37˚C for 1 day, the cells were pulsed with 10 µM BrdU at 37˚C for 1 h and fixed in 4% polyparaformaldehyde at room temperature for 15 min. Fixed cells were labeled with anti-BrdU antibody (cat. no. 5292; 1:100; Cell Signaling Technology, Inc.) at 4˚C overnight, and then washed 3 times. Subsequently, the cells were treated with anti-mouse Alexa-488 (cat. no. 715-545-450; 1:100; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) at 37˚C for 30 min, and counterstained with DAPI (Sigma-Aldrich; Merck KGaA) at room temperature for 5 min. Photomicrographs were captured using an epifluorescence microscope (X81; Olympus Corporation, Tokyo, Japan; x100).
Transwell migration assay. Selected transgenic A498 and CAKI-1 cells were harvested for migration assays in 24-well plates with 8-µm pore size Transwell microporous membranes (EMD Millipore). Subsequently, 200 µl of the A498 and CAKI-1 cell suspension (containing 3x104 cells) was seeded in the upper chamber with serum-free RPMI-1640 medium, and the lower chamber was supplemented with 10% fetal bovine serum with 500 µl RPMI-1640 medium. After incubating for 36 h at 37˚C in a 5% CO 2 atmosphere, the cells were washed with PBS 3 times and fixed in 4% paraformaldehyde at room temperature for 15 min. The cells on the upper surface of the membrane were then removed with a cotton swab, and the migrating cells on the bottom surface were stained with 0.5% crystal violet at room temperature for 4 h. The number of cells in 5 random fields was counted under an epifluorescence microscope (X81; Olympus Corporation; x100) and the mean was recorded.
Statistical processing. Data were collected from at least three technical replicates and expressed as the mean ± standard deviation. Statistical analyses of transcriptome profiling data results were performed in RStudio (version 3.5.0) software. Statistical differences between the groups were analyzed with the unpaired Student's t-test or one-way analysis of variance with the Bonferroni correction for multiple comparisons. All the data were graphically displayed using GraphPad Prism 6 software. P<0.05 was considered to indicate a statistically significant difference. Kaplan-Meier analysis of overall survival for patient's estimates based on all available data and compared with the log-rank test.
Results
BHLHE41 expression in GEO data.
To search for ccRCC oncogenes, data mining was performed on the Oncomine database and 4 datasets were selected, which were analyzed using Affymetrix genome array (Human Genome U133A Array) (the detection method of the reference data). BHLHE41 was determined to be one of the highly DEGs (Fig. 1A) . Fig. 1B depicts that BHLHE41 was the only overlapping gene among all of the 4 datasets. BHLHE41 is highly expressed in human ccRCC samples, compared with adjacent normal renal tissues (Fig. 1C) Subsequently, analysis of BHLHE41 expression from a large cohort ccRCC dataset (GSE53757, 72 pairs, HG-U133 Plus_2 array) was performed. BHLHE41 is one of the DEGs between ccRCC and their adjacent tissues ( Fig. 2A and B) . It was enhanced significantly in ccRCC tissues (P<0.0001), as demonstrated by paired Student's t-test analysis (Fig. 2C ).
BHLHE41 expression in TCGA Data. To further investigate the role of BHLHE41 in ccRCC, the expression of BHLHE41 was analyzed using TCGA's ccRCC (KIRC) RNA-seq data (21) . The analysis results demonstrated that BHLHE41 was overexpressed in tumor tissues (P<0.0001; Fig. 3A) . However, there were no significant differences among the various pathological grades (Fig. 3B ) and high expression of BHLHE41 was not significantly associated with the overall survival rate in patients with ccRCC (Fig. 3C ).
BHLHE41 expression in fresh ccRCC tissues.
A total of 50 pairs of pathology confirmed and surgically removed ccRCC tissues, and their adjacent tissues, were collected at the Fuzhou General Hospital. The RT-qPCR data demonstrated that BHLHE41 was highly expressed in 94% of tumor tissues (Fig. 4A) . Paired Student's t-test analysis revealed that BHLHE41 mRNA levels were significantly elevated in ccRCC tissues (P<0.0001; Fig. 4B ). Subsequently, 5 pairs of samples were detected by western blot analysis. Fig. 4C indicates that the BHLHE41 protein level was increased in tumor tissues. For the samples collected, information on pathological Fuhrman grades (23), with the grades primarily being G1 and G2, was obtained, but there was no patient survival information. Therefore, an association between BHLHE41 expression and tumors was produced, but its association with tumor grade and patient survival was not analyzed.
BHLHE41 knockdown impairs ccRCC cell proliferation and migration. BHLHE41 was stably knocked down in A498 and CAKI-1 cells using a BHLHE41 shRNA (shRNA-BHLHE41) or a scrambled control (shRNA-NC) to evaluate their proliferation and migration. Using WST-1 assays, it was observed that the knockdown of BHLHE41 in A498 and CAKI-1 cells significantly suppressed cell proliferation at 48, 72 and 96 h detection time points (Fig. 5A and B) . The BrdU assay demonstrated that BHLHE41-knockdown cells proliferation rate was significantly reduced in both cell lines ( Fig. 5C and D) . BHLHE41-knockdown cell colonies were reduced, compared with shRNA-NC cells, in the ccRCC cell lines (Fig. 5E and F) . Subsequently, a Transwell chamber assay was used to assess the effect of BHLHE41 on cell migration. Cell migration was significantly decreased in BHLHE41-knockdown A498 and CAKI-1 cells, compared with their control cells (Fig. 5G ). These data indicate that BHLHE41 acts as a novel tumor-promoting molecule regulating ccRCC growth.
BHLHE41 ablation impairs signaling pathways associated with tumor progression in ccRCC cells.
Since mechanistic target of rapamycin kinase (mTOR), AKT and epithelial-mesenchymal transition (EMT) signaling pathways are common tumorigenic pathways (24, 25) , to further determine the mechanism by which BHLHE41 drives the ccRCC tumorigenesis, western blot analyses was performed with a number of marker genes of mTOR, AKT and EMT signaling pathways. p70S6K activity was significantly reduced in BHLHE41 knockdown A498 and CAKI-1 cells. p-AKT levels were incomparable between the BHLHE41 knockdown and control cells. BHLHE41-knockdown cells and shRNA-NC cells exhibited relative high expression levels of E-cadherin protein in A498 and CAKI-1. There was no detected change in the amount of β-catenin (Fig. 6 ). These data indicated that the p-p70S6K and E-cadherin expression levels, which are involved in the mTOR and EMT pathways (26, 27) respectively, were coordinated by BHLHE41.
BHLHE41 3'untranslated region (UTR) hypomethylation in patients with ccRCC in TCGA.
The expression of BHLHE41 has been reported to be regulated by HIF-1α (9). To further investigate potential mechanisms underlying the transcriptional enrichment of BHLHE41, DNA methylation levels and their association between copy number changes were analyzed in TCGA ccRCC samples in the present study. The analysis data demonstrated reduced DNA methylation of BHLHE41 in tumor samples ( Fig. 7A; P<0 .0001). Potential correlation between methylation and BHLHE41 gene expression was statistically significant (cor=-0.644, P=9.115x10 -42 ; Fig. 7B ). These results demonstrated that methylation changes are associated with BHLHE41 expression.
A total of 17 probes of BHLHE41 were included in further analysis, and 5 loci were determined to be significantly reduced in tumor samples (Table II) . It was observed that the correlations between expression and methylation of 3 loci (cg13515269, cg16047471 and cg25629905) within the 3'UTR region were statistically significant (cor=-0.638 and P=7.069 x10 -41 ; cor=-0.429 an P=6.481x10 -17 ; and cor=-0.541 and P=1.417x10 -27 , respectively; Fig. 7C ). These data indicated that increased BHLHE41 expression in ccRCC samples is associated with methylation level in the 3'UTR region.
Discussion
BHLHE41, a member of circadian clock genes, is involved in the regulation of biological circadian rhythms (28) . Disruption of circadian rhythms results in sleep disturbance and the progression of cancer (29, 30) . Therefore, the biological effects of BHLHE41 are not limited to the regulation of biological rhythms. BHLHE41 is involved in regulating the cellular immune (31) and hypoxia responses (32, 33) . In the present study, it was determined that BHLHE41 expression was elevated in the GSE53757 dataset and in TCGA ccRCC (KIRC). Despite the lack of analysis of the association between BHLHE41 expression and clinicopathological parameters in a large number of samples, an elevated gene expression was demonstrated in 50 pairs of fresh ccRCC tissues. BHLHE41 was knocked down in ccRCC cell lines (A498 and CAKI-1) through shRNA lentivirus infection. WST-1 and BrdU assays indicated that downregulation of BHLHE41 inhibited A498 and CAKI-1 cell proliferation. The colony formation ability of shRNA-BHLHE41 cells was reduced significantly in these cell lines. The number of migrated cells in BHLHE41-knockdown group was decreased in Transwell migration assays. BHLHE41-knockdown cells exhibited a significant reduction in p-p70S6K and protein production of E-cadherin, indicating that BHLHE41 serves a critical role in regulating tumor progression-associated signaling proteins in ccRCC cells. In order to investigate the role of BHLHE41, a gene array or more signaling pathways gene protein levels between BHLHE41 expressed and control cells should be analyzed in future studies. These results indicated that BHLHE41 may be a biomarker and present a novel treatment option for ccRCC. Additionally, through bioinformatics analysis, a decrease in the methylation frequency of the 3'UTR region of BHLHE41 in ccRCC was reported. This proposed a novel regulatory model for BHLHE41 gene transcription.
Bigot et al (34) reported an association for a single-nucleotide polymorphism rs7132434 and the risk for ccRCC. The rs7132434 polymorphism influences BHLHE41 expression. Overexpressing BHLHE41 produce a larger mouse xenograft tumor, but no significant differences in ACHN cell growth rate or cell migration were observed in in vitro experiments. In the present study, BHLHE41 knockdown was determined to significantly inhibit cell proliferation and migration in A498 and CAKI-1 ccRCC cells. However, Bigot et al did not determine an association between BHLHE41 expression and survival, as indicated in the present study. This could be explained by BHLHE41 not contributing to RCC disease progression robustly.
A previous study demonstrated an association between BHLHE41 expression and the hypoxic adaptation (35) . BHLHE41 genetic variants are selected during adaptation to an anoxic environment (35) . It is well known that the VHL/HIF pathway is involved in the pathogenesis of ccRCC (36, 37) . The present data demonstrated that the activity of the mTOR signaling pathway gene, p70S6K, was attenuated by BHLHE41 downregulation in ccRCC cells, indicating that BHLHE41 activates the mTOR pathway. Future studies must determine whether BHLHE41 regulates the VHL/HIF signaling pathways-induced mTOR activation and mTOR inhibitors should be examined, as to whether they affect the BHLHE41-induced proliferation, migration and clonogenic activities of ccRCC cell-lines. Additionally, the present study demonstrated that BHLHE41 regulated the expression of E-cadherin. In a future study, to further clarify the impact of BHLHE41 on EMT signaling pathways, further molecules, including TWIST and SNAILS, need to be detected.
Studies on DNA methylation primarily concentrate on the promoter regions (38, 39) . Other regulatory sequences, such as the 3'UTR, and other non-coding and coding regions remain poorly understood. However, a number of studies have reported the role of DNA methylation in the 3'UTR on the regulation of gene expression (40, 41) . 3'UTR hypermethylation interferes p15INK4b gene expression in primary lymphomas (40) . The 3'UTR hypermethylation levels of pancreatic and duodenal homeobox 1 and orthodenticle homeobox 1 genes were observed in colorectal cancer cases, with a decrease in gene expression (41) . These studies demonstrated that the methylation of the 3'UTR can affect the occurrence of tumors by regulating the level of RNA and/or protein. Therefore, regulation of the BHLHE41 gene expression may come from combinatorial mechanisms. The specific function and regulated mechanism will also be required to be verified through cell experiments in vitro.
In summary, BHLHE41 expression is significantly upregulated in ccRCC tissues, compared with normal renal tissues. BHLHE41 knockdown reduced cell proliferation and migration of ccRCC cells. Additionally, 3'UTR hypomethylation could be a potential mechanism that affects BHLHE41 expression.
